Purpose: To evaluate brain activity associated with sexual arousal, fully conscious male marmoset monkeys were imaged during presentation of odors that naturally elicit high levels of sexual activity and sexual motivation.
ODORS ARE IMPORTANT in modulating sexual behavior in a variety of species. However, few studies have connected the behavioral response and the brain activation to the odor stimulation. Attractiveness of a female can be transmitted by chemosensory, visual, and auditory cues; ensuring an increase in male sexual behaviors at a time when females are most fertile (1) . Chemical or olfactory cues derived from female scent secretions are known to provide cues of the female's reproductive status and are important in mediating male sexual behavior in marmosets and tamarins (family Callitrichidae) (2) . In response, males have increased sexual behaviors such as tongue-flicks, mounts, and ejaculation (3) . While male common marmosets respond with sexual behavior to other sensory cues from female marmosets, such as visual, olfactory cues are important for coordinating male sexual activity with female endocrine status (1) . Additionally, scent odors from periovulatory marmoset females are preferred over luteal phase scents from the same female (4) .
Lesions of the medial preoptic area/anterior hypothalamic continuum (MPOA/AH) have been shown to produce deficiencies in male sexual behavior (5) with decreases in precopulatory and copulatory behaviors, mounting, and anogenital investigation of females. The preoptic area of the hypothalamus has input from the olfactory and vomeronasal systems as well as other sensory systems and induces the release of hormones. Using functional magnetic resonance imaging (fMRI), we corroborated the work of Lloyd and Dixson (5) in demonstrating activation of the MPOA/AH (6) . Awake male marmosets presented with the scent marks of unfamiliar females showed enhanced signal intensity in the MPOA/AH to the ovulatory scent versus the ovariectomized (OVX) scent. Although both odors elicited activation versus vehicle control, there was greater activation for the ovulatory scent in the awake males. This imaging study provided evidence that olfactory signals activate the MPOA/AH sexual arousal system in the male common marmoset.
Brain imaging has many advantages over lesion studies. Awake male marmosets can be imaged repeatedly and remain intact. In addition to examining functionality of specific brain areas, the entire brain can be imaged to provide information on the integration of arousal and inhibitory processes of the brain in responding to sexually relevant cues. Other neural systems interacting with sexual behavior can be imaged to examine positive affect areas of the brain as well as inhibitory processes. Scent detection is a good starting point for examining brain activity since odor cues elicit distinct behavioral actions. Marmosets, as in all callitrichidae species, show distinct hormonal and behavioral responses to relevant chemical sensory cues, and are therefore a good model for examining behavior responses and brain activation.
The present study extends our previous analysis to other brain areas. We imaged four male marmosets while presenting periovulatory, ovariectomized female scents and vehicle controls to assess key neural structures involved in stimulus processing for positive affective (reward) sexual chemosensory signals.
MATERIALS AND METHODS
MR studies were conducted on four adult male common marmoset monkeys (400 -450 gm) that were family reared and socially housed at the Wisconsin Primate Research Center. Two of the males were sexually experienced and living with a reproductive female. The other two males (brothers) were sexually naïve and lived together. All subjects were extensively habituated to a specially designed MR restraint device (Insight Neuroimaging Systems, LLC, Worcester, MA) and to the imaging procedure in a simulated environment. During MR sessions, animals were first lightly sedated with ketamine HCl (Ketaset, 2 mg) plus medetomidine (Domitor, 0.02 mg) and then placed in the MR head and body restraint. Once securely restrained, anesthesia was reversed with atipamezole (Antiseden, 0.1 mg). Prior to imaging, animals were tested for their sensitivity and recovery to this anesthetic procedure. Animals recovering from anesthesia were judged to be fully conscious when they could demonstrate normal perceptual and motor function (i.e., demonstrate normal movement and visually follow a food reward). The recovery time for all animals was less than 30 minutes.
Anatomical imaging began at least 45 minutes after anesthesia reversal, followed by functional imaging. A 40-mm diameter birdcage resonator was built into the head restraint and used in both transmit and receive modes. All images were acquired using a 9.4-T/31-cm horizontal magnet (Magnex, Abingdon, UK) interfaced to a Unity INOVA console (Varian, Palo Alto, CA) at the University of Minnesota. High-resolution anatomical data sets were acquired (fast spin echo, TR ϭ 2 seconds; echo train length ϭ 8; echo train spacing ϭ 9.5 msec; field of view ϭ 4 ϫ 4 cm; data matrix ϭ 256 ϫ 256; slice thickness ϭ 2 mm) at the beginning and end of each imaging session. Functional images were acquired using a gradient-echo (FLASH) sequence (TR ϭ 115 msec; TE ϭ 11 msec; flip angle ϭ 15 degrees; field of view ϭ 4 ϫ 4 cm; data matrix ϭ 128 ϫ 128; slice thickness ϭ 2 mm, approximately 300 micron resolution).
Motion artifact was addressed in three ways: 1) subtraction of anatomical data across the two to three hour imaging session, 2) qualitative analysis of time series movies looking for voxel displacement, and 3) analysis of raw data time series for course spikes. The time series movies correlated with course spike activity. The multiple data sets collected from the six imaging sessions showed very little motion artifact using these criteria. On the rare occasion there would be a course spike usually caused by movement of the mouth such as in swallowing. The data for these images were excluded. Indeed, in pilot studies we used ketamine as an anesthetic and discovered during recovery in the magnet greater than usual motion artifact due to excessive salivation and swallowing, something we do not see with the Domitor/Antiseden regimen.
Female scent marks were collected and pooled from either periovulatory (determined through measurements of serum progesterone) or ovariectomized females. Females were presented with a ground glass stopper and allowed to rub their anogenital gland on the stopper resulting in a mixture of scent secretion and urine. The stopper was removed from the cage and rinsed with 300 L of an ethanol:water (50:50) solution. The solution was degassed prior to use to minimize oxidation of the scent chemicals. After collection, the scent samples were stored at Ϫ70°C and thawed immediately prior to presentation. The vehicle, ethanol:water, was stored exactly as the scent secretions. The fully conscious males were imaged during presentation of scent marks from periovulatory, OVX females, and vehicle. The males had no previous exposure to any of the females providing odors. BOLD fMRI data sets of seven slices each were collected continuously at 15-second intervals. Following seven minutes of baseline data acquisition (28 seven-slice volume), periovulatory, OVX, or vehicle control scents applied to a wooden disc were positioned 9 cm from the nose of the monkey for seven minutes, followed by another 10 minutes of data acquisition after removal of the odor.
Four monkeys were imaged in this study. Two of the four animals were imaged twice, six months apart. The order of scent presentation was reversed to determine if presenting OVX before or after ovulate odors in an imaging session affected the response. There was no order effect. The final data analysis came from six imaging sessions, two from the same animals. All of these data have been collapsed into Table 1. The boundaries delineating the region of interest (ROI) for all of the areas listed in Table 1 area are shown in Figs. 1-5. The images showing the ROIs were registered to comparable coro-nal images taken from the marmoset atlas of Saavedra and Massuchelli (7). The area best fitting the description in the atlas was manually drawn around the ROI prior to any overlay of activity.
In Table 1 , the numbers in parentheses represent the number of ROIs measured over the six imaging sessions. For example, the neuroanatomical area defining the prefrontal cortex was identified in eight slices from the six imaging sessions. The prefrontal cortex is bilateral so there were 16 measures. The bilateral temporal cortex was identified in 26 slices (see Figs. 2-4) so there are 52 measures. Brain areas like the septum and MPOA were outlined as unilateral structures appearing in only one brain slice so the number of measures is six. These ROIs were analyzed for changes in BOLD signal intensity using STIMULATE software (8) . Statistical comparisons of vehicle and baseline showed no differences for any of the ROIs, so subsequent analyses involved using only baseline and stimulus analyses. Statistical comparisons between baseline periods to olfactory stimulus periods was carried out using the Student's paired t-test to generate an activation map for each control-stimulus data set. Those voxels (threedimensional pixels) whose percent change ([average response over the stimulation period-average response over the baseline period)/(average response over the baseline period]) were identified as significant at a 95% confidence level were evaluated. Voxels satisfying these established criteria were overlaid on their respective anatomical data set. Changes in BOLD signal were also presented as time course data. Each data acquisition period of 15 seconds represents the average of all significantly activated positive or negative voxels within the ROI.
For pilot testing, one male was tested in his home cage a week following imaging with the same stimulus scent marks. Each individual scent (vehicle, periovulatory, OVX) was placed on a wooden disc in the cage of the male and his paired female for 10 minutes. Latency to first sniff and frequency to sniff, scent mark, touch disc, attempt to mount female, sniff or lick female, and lick the disc were recorded.
RESULTS
We found no difference between baseline data acquisition and the vehicle control in all brain areas examined. However, multiple brain areas showed changes in BOLD signal intensity in response to periovulatory or OVX odors. Table 1 reports the number of voxels (mean ϩ SEM) that showed increased BOLD signal intensity (positive BOLD) and decreased signal intensity (negative BOLD) as compared to baseline in twenty-one brain areas for each odor. Within Table 1 are comparisons between the two odors (periovulatory [ovulate] and OVX) for both positive BOLD (columns 1 and 2) and negative BOLD (columns 3 and 4). Column 5 shows significance levels of positive BOLD between periovulatory and OVX odors, and column 6 shows the same comparisons for negative BOLD. Column 7 shows the significance levels for comparisons of positive versus negative BOLD for periovulatory odors and column 8 presents the same comparison for OVX odors. Activational maps showing significant positive and negative BOLD signals and the position and dimension of each of the brain areas or ROI reported in Table 1 are shown in Figs. 1-5 . The neuroanatomical locations of the activational maps show anterior to posterior coronal sections starting from the prefrontal cortex and ending at the cerebellum. Data from each of the four monkeys studied are represented in these activational maps. For example, all of the maps in Fig. 2 come from one animal while all of the maps from Fig. 3 come from a different animal. The activational maps in Fig. 1 and Fig. 5 are from the same monkey.
A total of 14 of 21 ROIs showed increased positive BOLD to periovulatory versus OVX odors. These included many areas of the cerebral cortex, e.g., prefrontal, temporal, somatosensory, insula, and cingulate. This was also true of the dorsal striatum, e.g., caudate and putamen, the hippocampus, septum, medial preoptic area, anterior hypothalamus, periaqueductal gray, and cerebellum. The only site that showed a greater increase in BOLD signal in response to the OVX scent as compared to periovulatory scent was the raphe nucleus. Seven of the 21 ROIs also showed a significant change in negative BOLD signal between periovulatory and OVX odors; however, the direction of the response was opposite with a greater negative BOLD response to OVX compared with periovulatory odors. The temporal cortex, cingulate cortex, putamen, hippocampus, medial preoptic area, and cerebellum showed increased BOLD signal to periovulatory odors but decreased BOLD signal to OVX odors. This negative "mirror image" can be seen in each series of activational maps shown in Figs. 1-5 by comparing the OVX negative BOLD data with the ovulate positive BOLD data. Time course data showing the change in positive and negative BOLD signal in response to ovulate and OVX odors, respectively, for the temporal and cingulate cortices, putamen, and medial preoptic area are shown in Fig. 6 . Note that the activation curves for positive BOLD to periovulatory odors and negative BOLD to OVX odors do not immediately converge to baseline after stimulus removal. The effects of stimulation on brain activity continue for several minutes beyond removal of the stimulus.
As shown in Table 1 , there is no absolute increase or decrease in BOLD signal within an individual brain area during odor presentation; instead, there are some voxels showing a positive BOLD signal and others showing a negative BOLD signal for each ROI. For example, in the temporal cortex the ROI has a combined 850 voxels taken from three bilateral brain sections (Figs. 2-4 ). When presented with periovulatory odors 10.0 Ϯ 0.80 of the voxels, or less than 2%, show an increase in BOLD signal while about the same number 8.2 Ϯ 0.86 show a decrease in signal. Indeed, this pattern where approximately the same number of voxels were positive as negative for any given ROI in response to periovulatory odors was true for eighteen of the twenty-one brain areas reported. Only the somatosensory cortex, medial preoptic area, and the periaqueductal gray showed significantly (P Ͻ 0.05) fewer negative voxels during periovulatory odors as compared to positive voxels.
In contrast, animals presented with OVX odors had a robust increase in number of negative BOLD voxels above positive BOLD voxels in 13 of the 21 brain regions. The eight brain areas that did not show this pattern of negative BOLD signal fall into two groups. The first group covers five brain areas that did not show significant positive BOLD to periovulatory scent above OVX scent and include the substantia nigra, dorsal and midline thalamus, amygdala, and olfactory tubercles. The second group was also unique because it includes the only three brain areas that showed significantly more positive BOLD voxels than negative BOLD voxels for periovulatory scent, i.e., the somatosensory cortex, medial preoptic area, and periaqueductal gray.
Pilot testing the periovulatory and OVX odors showed a differential increase in the male's attention to his own female (mounting the female, sniffing and licking the female) compared to the vehicle control, as expected from previous studies. Males interacted with the wooden disc more often and licked only when the scent was ovulatory.
DISCUSSION
We previously reported that periovulatory odors, an important sexual stimulus for male marmosets, produced activation of the MPOA and anterior hypothalamus two areas critical for male precopulatory and copulatory behavior (6). Here we demonstrate both activation and deactivation of multiple brain areas in response to periovulatory and OVX odors compared to vehicle control odors. Many areas showing BOLD activation to sexually arousing stimuli in marmosets overlap with comparable areas in humans (using both PET and fMRI), al- though the stimuli are quite different (odors vs. visual and auditory stimuli). Both humans and marmosets show activation in the cingulate cortex, temporal cortex, insula, caudate, hypothalamus, and cerebellum (9 -12,14) .
The most notable difference between humans and marmosets is the absence of amygdala activation in marmosets. The amygdaloid complex appears critical in sexual arousal and motivation. Marmosets showed both significant activation and deactivation of the amygdala to both periovulatory and OVX odors compared to vehicle control, but no significant difference between odors. The most plausible explanation is inadequate spatial resolution. The amygdaloid complex has over 20 discrete nuclear areas, and only a few may be involved in processing sexually arousing stimuli. We included the entire amygdala in our ROI (see Fig. 2 ), so potentially significant changes in both positive and negative BOLD to each stimulus may have occurred in different individual nuclei.
Interestingly, the cerebellum showed robust activation in both marmosets and humans to sexually arousing stimuli. PET and fMRI studies report increased cerebellar activity in response to positive and negative emotional stimuli (15,16) . The cerebellum has extensive neural connections with the somatosensory cortex and association areas, i.e., prefrontal, temporal, and cingulate cortices, as well as the hypothalamus (17). Beauregard et al (13) suggested the cerebellum might be involved in the somatic experience associated with sexual arousal. The brain areas activated by sexually provocative cues in marmosets and humans represent not only a common circuit for sexual arousal and motivation, but also are part of a larger appetitive or approach motivational system (18) . Physiological and behavioral data on marmoset reproductive activity support this notion since odors from ovulating marmosets induce approach behavior in males. Presentation of sensory stimuli with positive affective valence activated the prefrontal cortex, temporal cortex, somatosensory cortex, insula, cingulate, and amygdala in healthy human subjects (16, 19, 20) .
One of the most interesting results was the "mirror image" of brain activity in marmosets exposed to periovulatory versus OVX odors. Several areas associated with arousal and sexual motivation: temporal cortex, MPOA, cingulate, insula, caudate, and cerebellum, showed significant deactivation in response to the OVX odor relative to vehicle control. OVX odors may have a more negative emotional valence, inhibiting appetitive motivation. However, marmoset males copulate with ovariectomized females when housed together as a bonded pair (21) . Possibly the olfactory cues of reproductive status are most important to a male evaluating his response to an unfamiliar female, whereas with a pair-bonded mate learned responses to other features override the olfactory cues. If this is true, then we should find different responses to cues from an unfamiliar female versus learned cues from a mate. This provides a way to separate the biological and experiential aspects of sexual response. Imaging data from nonhuman primates has heuristic value in interpreting and understanding brain images of human sexual responses.
In human PET studies, changes in brain activity to negatively valenced emotions produce increased activation in left inferior frontal, left anterior cingulate, and left temporal pole regions (22) . With all negative emotional stimuli, the left temporal cortex is activated. We found little lateralization of odor-induced brain activity in male marmosets except the left temporal cortex. OVX odors increased activity in the left temporal cortex, suggesting that this area, as in humans, may be involved in processing negative emotional stimuli.
Both periovulatory and OVX odors produced both positive and negative BOLD signal in many of the same brain areas suggesting that positive and negative motivational systems reside in the same areas. Lane et al (16) used PET in female subjects presented with pleasant and unpleasant stimuli and discovered a consistent overlap for each motivational system in the medial insular cortex and prefrontal cortex. In marmosets, positive stimuli (periovulatory odors), and presumably negative stimuli (OVX odors), consistently increased BOLD signal in the same brain areas even though there was significantly more activation with the periovulatory odors in most areas. Only three of 21 brain areas showed significant differences in positive versus negative BOLD to periovulatory odors. These data suggest a common neuroanatomical circuit for sexual arousal and sexual motivation that may be affected by other regions weighted for context-dependent approach and withdrawal responses. The periaqueductal gray (PAG) and MPOA are two areas where the number of positive BOLD voxels significantly exceeded the number of negative BOLD voxels during presentation of periovulatory odors. These sites might be selectively weighted toward approach behavior in the context of sexual arousal and motivation. The MPOA is critical for the organization and initiation of male sexual behavior (23) . Activation of the MPOA facilitates sexual behavior, while lesions prevent copulatory behavior in every species studied. In rats the MPOA has dense reciprocal connections to the PAG (24) . In turn, the PAG has inputs to the nucleus paragigantocellularis (nPGi) whose connections to the spinal cord control male reproductive reflexes (25) . This MPOA-PAG-nPGi neural circuit may be essential in activation of male sexual reflexes (25) .
Conversely, the raphe nucleus was the only site showing a significant decrease in positive BOLD voxels in response to periovulatory odors and the only site with a significant increase in positive bold voxels to OVX odors. The raphe may be weighing toward avoidance behavior in the context of sexual arousal and motivation. The raphe is the primary source of serotoninergic innervation of the forebrain and is considered part of a behavioral inhibition system. Electrical stimulation of the raphe elicits freezing behavior (26) , and blocking raphe activity reduces the inhibitory effect of conditioned aversive stimuli on bar pressing (27) . Disrupting serotoninergic neurotransmission from the raphe promotes feeding (28) and enhances male sexual activity (29) . Periovulatory odors may suppress raphe activity, disinhibiting sexual behavior, whereas OVX odors may enhance raphe activity, suppressing sexual approach behavior.
The robust negative BOLD signal observed is interpreted as brain deactivation. Use of the phrase "inhibition of brain activity" would be incorrect, because synaptic inhibition in the form of inhibitory postsynaptic potentials is an active process accompanied by enhanced oxidative metabolism. Brain deactivation suggests reduced synaptic and neuronal activity without specifying a biophysical mechanism. None of the human fMRI studies examining sexual arousal in males presented data on negative BOLD signal. However, Bartels and Zeki (30) , imaging romantic love in young women, discussed widespread deactivation in the prefrontal, parietal, and temporal cortices concomitant with enhanced BOLD signal in the insula, cingulate, caudate, and putamen. The occurrence of negative BOLD signal is often recognized as brief "dips" and "troughs" in blood flow at the beginning and end of a stimulus, but not normally associated with brain deactivation (31) (32) (33) (34) (35) . However, examples of robust negative BOLD signal have been found in the visual cortex, presumably reflecting suppression of neuronal and synaptic activity (36, 37) . For example, activation of the visual Figure 6 . Change in BOLD signal intensity over time. The average percent change in BOLD signal intensity in response to OVX scent and ovulatory scent in the cingulate cortex, temporal cortex, putamen, and medial preoptic area are shown plotted over time. Scents were given at the 30th data acquisition period. Red denotes data from ovulatory scent and blue OVX scent. cortex in children and adults was studied using BOLD and arterial water spin labeling to assess regional Cerebral Blood Flow (rCBF). Adults showed both an increase in BOLD and rCBF to visual stimulation. However, children showed a decrease in BOLD concomitant with a decrease in rCBF (37) .
This study shows that fMRI is a feasible method for identifying neuroanatomical circuits involved in sexual arousal in conscious marmoset monkeys. Data from marmosets appear to translate to human sexual arousal and motivation since many of the neuroanatomical areas identified previously in human imaging studies overlap with those reported here. The circuitry is part of a general appetitive circuit for positively valenced emotional stimuli. The virtue of the marmoset model is the ability to control precisely the developmental and social history and to carry out conditioning studies not possible in humans.
